We analyzed the adsorption of CO 2 in a Cu-BTC metal-organic framework (MOF) impregnated with ionic liquids (ILs) experimentally and by molecular simulation using the Monte Carlo method. The ILs [bmim] [PF 6 ] and [bmim][Tf 2 N] were impregnated in concentrations of 1, 5 and 10 wt%. Monte Carlo computations showed maximum impregnation load of approximately 30 wt% and improved CO 2 adsorption up to 2 bar for all the concentrations tested. Experimentally, the impregnated material was carefully characterized and CO 2 isotherms were measured. High concentrations of IL solution (10 wt%) had a pronounced detrimental effect on the textural properties of Cu-BTC, whereas for low concentration (5 wt%), no improvement in CO 2 adsorption was observed. Based on the experimental and simulated data, the suitability of Cu-BTC as a target MOF for IL impregnation was examined.
INTRODUCTION
In the last few years, a number of studies were carried out on functionalized adsorbents, aiming at CO 2 capture by adsorption. In a recent review, Sayari et al. (2011) identified an increased number of publications, where nearly 70% of the studies had been published in the last 6 years. The purpose of impregnation is to create stronger adsorption sites on the adsorbent structure by combining the advantages of liquid-phase absorption with solid-phase adsorption. Examples of such materials are amine-impregnated zeolite (Chatti et al. 2009; Jadhav et al. 2007) , MCM-41 (Mello et al. 2011; Xu et al. 2002) and several mesoporous silicas (Son et al. 2008) . Recently, impregnation of ionic liquids (ILs) on metal-organic framework (MOF) has been suggested . ILs have been proposed as a promising alternative to traditional solvents because they are non-volatile and non-flammable with high thermal stability, and therefore are categorized as green adsorbents (Ramdin et al. 2012) . By contrast, MOFs have been tested as potential adsorbents due to their high CO 2 adsorption capacity (Yazaydin et al. 2009 ) and vast choice of organic linkers and metal oxides available, which give rise to unlimited textural properties and surface chemistry (Eddaoudi et al. 2002) . When only physical adsorption is considered, Cu-BTC outperforms the best zeolite (i.e. 13X). At 0.4 bar and 298 K, Cu-BTC and 13X adsorb 1.8 mmol/g and 0.72 mmol/g of CO 2 , respectively (Asadi et al. 2013) .
The IL-supported porous solids were first proposed in membrane technology (Lozano et al. 2011) . The ILs are used because they enhance the mechanical strength of the system and increase separation efficiency. In addition, some authors , Vicent-Luna et al. 2013 ) have been investigating the IL/MOF system, but only theoretically, by molecular simulation. To date, we are not aware of any experimental study of IL-impregnated MOFs. In this study, we have carried out impregnation of two ILs ([bmim] [PF 6 ] and [bmim] [Tf 2 N]) on Cu-BTC and combined experimental adsorption equilibrium measurements with Monte Carlo simulations to investigate the relationship between IL impregnation and CO 2 adsorption improvement.
EXPERIMENTAL ANALYSIS 2.1. Materials
The Cu-BTC powder used in this study was supplied by Sigma Aldrich, being produced by the German company BASF under the trademark Basolite C300. Basolite C300 is structurally identical to HKUST-1 [Cu 3 (BTC) 2 , BTC = benzene-1,3,5-tricarboxylate]. The ILs chosen to impregnate the support were hexafluorophosphate 1-butyl-3-methylimidazolium ([bmim] [PF 6 ]) and 1-butyl-3-methylimidazolium bis(trifluoromethylsulphonyl)imide ([bmim] [Tf 2 N]), because they are well studied for capture of CO 2 (Ramdin et al. 2012) . The ILs were also supplied by Sigma Aldrich. Carbon dioxide and helium gases were supplied by Praxair with purities of 99.8% and 99.999%, respectively.
Impregnation
The Cu-BTC powder was impregnated by the incipient wetness (dry) impregnation method, which is commonly used in the preparation of catalysts for the incorporation of metal sites in porous supports (Soares et al. 2012) . Before the impregnation, the MOF powder sample and the IL were dried at 373 and 343 K overnight, respectively. Then, the required mass of IL was calculated to prepare the impregnating solution in different concentrations: 1, 5 and 10 wt% of ILs with respect to adsorbent mass. These concentrations were used because the support is microporous, and therefore there is the possibility of complete blockage of the pores for larger concentrations. The corresponding amount of IL was diluted in acetone and then added dropwise to the stirred powder. The samples were placed in an oven to remove any traces of solvent for 24 hours. The same procedure was used for both ILs.
Samples of Cu-BTC impregnated with ILs ([bmim] [PF 6 ] and [bmim][Tf 2 N]) in various concentrations (1, 5 and 10% by weight) were labelled as Cu-BTC-IL-C, where IL is the type of the anion in the IL and C is the concentration in weight of IL used in the impregnation process (Table 1) . 
Characterization Methods
The impregnated materials were characterized and compared with the unmodified Cu-BTC, using different techniques, including CHNS elemental analysis, thermogravimetric analysis (TGA), Xray diffraction (XRD), Fourier transformed infrared (FTIR) spectroscopy and nitrogen adsorption/desorption isotherms. All samples were subjected to all these analyses with the exception of TGA, as only the Cu-BTC-IL-5% samples were tested by this technique. Elemental analysis was performed on an elemental microanalyzer (CHNS) based on the complete and instantaneous oxidation of the sample in order to obtain the total amount of elements such as carbon, hydrogen, nitrogen and sulphur on modified Cu-BTC. TGA was performed using a NETZSCH thermal analyzer (SKIMMER, QMS STA 409 C) to study the thermal stability of the impregnated materials. Approximately 25 mg of the sample was weighed in an alumina crucible and heated up to 1173 K, at the heating rate of 5 K/minute, under an argon flow (20 cm 3 /minute) and at a pressure of 5 mbar.
The samples were characterized by XRD in a Bruker D8 ADVANCE XRD system with X-ray generator KRISTALLOFLEX K 760-80F [voltage 40 kV, current 40 mA (1.6 kW of power)]. Cu-K a radiation was used with a scanning rate of 1 degree/minute. The FTIR spectra were collected in the attenuated total reflectance (ATR) mode using a BRUKER IFS 66/S spectrometer. A Specac Golden Gate ATR accessory consisting of a monolithic diamond prism was used for the measurements. Each spectrum was averaged over 64 scans at a resolution of 4 cm -1 . Finally, porous texture analysis of the samples was carried out using nitrogen isotherms at 77 K in an Autosorb-1 MP (Quantachrome, USA) volumetric adsorption equipment. The specific surface area was determined according to the BET method and the micropore volume was estimated using the Dubinin-Radushkevich equation (Rouquerol et al. 1999) . The total pore volume was calculated as the adsorbed volume at P/P 0 ≈ 0.98, assuming the pores are totally filled with liquid adsorbate. Before each experiment, the matrix Cu-BTC was outgassed in situ at 423 K overnight.
CO 2 Adsorption Measurements
Adsorption isotherms were measured using a gravimetric method in a magnetic suspension balance (Rubotherm; Bochum, Germany). Before each adsorption experiment, the sample was outgassed in situ at different temperatures under vacuum until constant mass was achieved. Different outgassing temperatures were examined to investigate the effect of the regeneration temperature (298, 343, 383 and 423 K) . To measure the adsorption isotherm at 298 K, the CO 2 pressure was increased stepwise (0.01 until approximately 10 bar) inside the measuring chamber. Equilibrium was achieved within 30 minutes after gas dosing, which was characterized by constant weight, temperature and pressure.
Because the data were obtained gravimetrically, it was necessary to account for buoyancy effects during the experiments. For a given CO 2 pressure P, the excess adsorbed phase concentration may be calculated as follows:
where m ex is the excess adsorbed concentration (g/g sample); Dm is the mass difference registered by the apparatus (g/g sample); V b is the specific volume of the components suspended in the balance (cm 3 /g sample), V S is the specific solid sample volume (cm 3 /g sample); r g is the gas density (g/cm 3 ); P is the pressure (bar) and T is the temperature (K). The term (V b + V S )r g (P, T) is the buoyancy contribution to the balance reading Dm. For each sample, an experiment with helium (non-adsorbed) was carried out to determine the specific volume of the solid phase. Likewise, an experiment with no sample and helium (or any gas of known density) must be performed. For the determination of the density of gases, the software FLUIDCAL was used (Span and Wagner 2003) . Further experimental details are found elsewhere (Bastos-Neto et al. 2005; Dreisbach et al. 2002) .
MODELLING 3.1. Cu-BTC Framework
The unit cell of Cu-BTC was constructed from crystallographic data (XRD; Chui et al. 1999) using Cerius 2 (developed by Accelrys Inc.). The Cu-BTC structure has a cubic and crystalline unit cell described by the F3-3m space group. As shown in Figure 1 , the structure contains clusters of Cu 2 (COO) 4 with copper dimers linked to the benzene-1,3,5-tricarboxylate tridentate ligands, forming a three-dimensional structure with three types of cavities, namely, two central octahedral cavity with quadratic section diameter of 9 Å and an eight-side tetrahedral cavity with quadratic section diameter of 5 Å, which are connected to the main channels by triangular windows of 3.5-Å diameter (Mileo et al. 2014) .
Ionic Liquid and CO 2
The molecular model of the ionic species 
Force Field Parameters
We assume that the system can be properly described using the Lennard-Jones (LJ) potential for repulsion-dispersion forces plus Coulombic contributions between point charges (2) The LJ parameters that describe the Cu-BTC interaction potential were obtained from the DREIDING generic force field (Mayo et al. 1990) , with the exception of copper atoms, whose parameters were obtained from the universal force field (Rappé et al. 1992) . The atomic charges were obtained from Yang and Zhong (2006; Table 2 ).
The force field parameters ware from Shah and Maggin (2004) and Kelkar and Maggin (2007) Table 3 lists the LJ force field parameters and charges used in the ILs and CO 2 models. Atoms are numbered according to their distance from the nitrogen atom of the aromatic ring.
Computational Details and Impregnation Model
All calculations were performed in a simulation cell with eight cubic unitary cell (2 ¥ 2 ¥ 2). Each unitary cell has length of 26.34 Å. The initial configuration contains no adsorbate molecule. Periodic boundary conditions were applied in all space directions. A cutoff radius of 13 Å was applied, which is of the same order of magnitude as that of previous studies in similar systems (Garcıa-Perez et al. 2009; Yang and Zhong 2006) . Long-range electrostatic interactions were computed using the Ewald summation technique. We used 2 ¥ 10 6 and 4 ¥ 10 6 Monte Carlo steps during the equilibration and production phases, respectively.
Monte Carlo simulations were performed using canonical and grand canonical ensembles. Adsorption isotherms of CO 2 were simulated using the grand canonical ensemble (mVT), suitable for systems in which transfer of molecules occurs (Frenkel and Smit 2002) .
The canonical ensemble (NVT) was used for the addition of cations and anions of IL (1:1) inside the Cu-BTC pores. This allows ILs molecules to be positioned in the preferential sites of the Cu-BTC unit cell so that the resulting structure is 'energy minimized'. The maximum loading was 15 and 10 molecules/unit cell for [bmim] 
RESULTS AND DISCUSSION

Samples Characterization
The samples were characterized by nitrogen adsorption isotherms at 77 K in relation to their textural properties, including specific surface area (A BET ), micropore volume (V MP ) and total pore volume (V P ). As expected, Type Ib isotherms (Rouquerol et al. 2013) , typical of microporous crystalline materials, were obtained ( Figure 4 ). The Cu-BTC and impregnated-Cu-BTC samples showed a high volume of adsorption at very low pressures reaching almost the maximum adsorption capacity. The isotherm of impregnated Cu-BTC at high concentration of IL (Cu-BTC-PF 6 -10%) showed poor adsorption capacity and an increase in adsorbed volume at relative pressures above 0.9, characteristic of filling of macropores possibly due to interstitial voids in the sample. Table 4 summarizes the textural properties extracted from the adsorption isotherms of nitrogen at 77 K. It is observed that the impregnation procedure reduced the values of specific surface area, micropore volume and total pore volume relative to the original Cu-BTC sample. Furthermore, the higher the concentration of impregnated IL, the greater the reduction in textural parameters and volume of N 2 adsorbed at 77 K. This behaviour suggests that IL molecules were incorporated in the pores of Cu-BTC as a result of the impregnation process. The impregnation procedure using a concentration of 10 wt% of PF 6 resulted in a drastic reduction of more than 80% of the specific surface (280 m 2 /g vs. 1486 m 2 /g for Cu-BTC). For this IL concentration value, the reduction in surface area and the emergence of macropores are strong evidence that the bulk of the Cu-BTC porous network was damaged.
TGA was used to evaluate the thermal stability of the Cu-BTC samples impregnated with ILs (5% wt). The TGA curves for the samples Cu-BTC-PF 6 -5% and Cu-BTC-Tf 2 N-5% are shown in Figure 5 .
For comparative purposes, the TGA curve for Cu-BTC reported in the literature (Nobar and Farooq 2012) is also shown. The TGA curves for pure and impregnated Cu-BTC exhibit two stages of mass loss. Up to 100 °C, the loss of approximately 40% by weight is attributed to the removal of physically adsorbed water. The sample exhibits thermal stability up to 300 °C, above which there is a sharp second event of mass loss attributed to the degradation of the MOF due to organic linker volatilization. Apparently, the introduction of the IL up to 5% does not cause changes in the thermogravimetric pattern of Cu-BTC. The XRD patterns of the parent Cu-BTC sample and the Cu-BTC-PF 6 -1%, Cu-BTC-PF 6 -5% and Cu-BTC-PF 6 -10% samples are shown in Figure 6 (a). The presence of crystal planes referring to 2q = 5.8, 6.5, 9.4, 12, 13.4, 15, 17.5, 19 and 20.5 degrees, which are related to the cubic Fm3m lattice planes of (111), (200), (220), (222), (400), (420), (422), (440) and (442), respectively, can be observed (Gascon et al. 2008; Panella et al. 2006) . The samples maintain their crystalline integrity despite the small peak shift observed for 1 and 5 wt% samples. The samples of Cu-BTCTf 2 N showed equivalent results [Figure 6(b) ]. The XRD results indicated that all IL-modified samples produced good crystalline materials. The IL-modified Cu-BTC surface was analyzed by infrared spectroscopy using ATR to investigate the presence of superficial groups on the material. The spectra obtained for the materials are shown in Figure 7 .
All the bands corresponding to the parent Cu-BTC were also present in the impregnated materials, indicating that the IL loadings did not affect the MOF's surface. In Figure 7 -1 (C-F stretch) and (iv) 1055 cm -1 (S=O bending; Kanehashi et al. 2013) , can also be observed.
Elemental analysis was performed to evaluate the concentration of [bmim] [PF 6 ] effectively impregnated into the Cu-BTC parent material. Based on the total mass of carbon, hydrogen and nitrogen, the concentration of IL (grams of IL/grams of sample-IL%) was determined ( Absorbance, a.u.
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Cu-BTC into the samples (Table 5 ). The Cu-BTC-PF 6 -1% sample was either not impregnated (N = 0%) or its nitrogen content was below the equipment detection limit. For the samples Cu-BTC-PF 6 -5% and Cu-BTC-PF 6 -10% we found 5.2 and 13.9 wt% of IL, respectively. We considered that the Cu-BTC-PF 6 -10% sample was impregnated in excess because the deviation of 13.9% is far superior to the accuracy of the method. This conclusion is reinforced by the fact that we found values for all the Cu-BTC-Tf 2 N samples within the range of impregnating solution used.
To correlate the experimental values with calculations performed by molecular simulation, the correspondence between loaded IL (wt%) and the amount of the IL molecules per unit cell was estimated. The related data are presented in Table 6 .
Using the results of elemental analysis, we estimated that two and six IL molecules per unit cell were impregnated in the Cu-BTC-PF 6 -5% and Cu-BTC-PF 6 -10% samples. 
Activation Temperature Study
To avoid decomposition of Cu-BTC and the IL during the sample regeneration (conducted in situ using vacuum and elevated temperatures), a preliminary study of the influence of the regeneration temperature was performed. A sample of parent Cu-BTC was regenerated under vacuum at temperatures of 298, 343, 383 and 423 K. The upper limit of the regeneration temperature followed the manufacturer's recommendation (473 K) and literature studies: 423 K (Asadi et al. 2013; Grajciar et al. 2011) and 448 K (Hamon et al. 2010) . Our goal is to determine the minimum regeneration temperature where the change in the adsorption of CO 2 is negligible. The adsorption isotherms of CO 2 in Cu-BTC at 298 K in the pressure range up to 10 bar for different regeneration temperatures are shown in Figure 8 . We have also included a magnification of the graph in the region of low pressures, up to 1 bar [ Figure 8(b) ].
When the sample is regenerated at lower temperatures (298 and 343 K), impurities of the synthesis process, atmospheric gases and moisture are not completely desorbed. As a result, the adsorption capacity of CO 2 is decreased. However, as the regeneration temperature increases (383 and 423 K), impurities are desorbed, and therefore, the Cu-BTC reaches its full adsorption capacity at 423 K. This temperature is also below the start and onset decomposition temperatures of IL (T onset IL_PF6 = 646 K, T start IL_PF6 = 508 K and T onset IL_Tf2N = 735 K, T start IL_Tf2N = 658 K; Fredlake et al. 2004 ). Thus, 423 K was chosen as the regeneration temperature for experimental measurement of CO 2 adsorption isotherms.
Experimental Adsorption Isotherms
Because Cu-BTC-PF 6 -1% did not appear to have been properly impregnated (based on the elemental analysis), we performed adsorption isotherm experiments on the samples Cu-BTC-PF 6 -5%, Cu-BTC-Tf 2 N-5% and Cu-BTC-PF 6 -10%, to investigate whether CO 2 adsorption was enhanced as suggested by results of molecular simulation studies Vicent-Luna et al. 2013) .
However, there were no improvements in the adsorption capacity of CO 2 for the impregnated samples tested (Figure 9 ). In general, ILs decreased the CO 2 adsorption capacity. Even in the region up to 1 bar, where a stronger adsorption capacity is theoretically predicted, we did not observe any improvements in CO 2 uptake. In this pressure range, the sample Cu-BTC-PF 6 -5% overlaps the parent Cu-BTC sample, whereas Cu-BTC-Tf 2 N-5% underperforms the parent sample. The Cu-BTC-PF 6 -10% sample demonstrated a marked loss of adsorption capacity as expected from the deterioration of textural parameters. Our experimental results cannot be directly compared with the existing simulation data (VicentLuna et al. 2013) because the latter were calculated for higher impregnation loads (8 molecules/unit cell) and IL species different from those used in our study. The rational analysis indicated that Cu-BTC-PF 6 -5% has only two IL molecules per Cu-BTC unit cell. Therefore, we performed molecular simulation computations with our ILs to verify CO 2 adsorption improvement at low impregnation concentration.
Simulated Adsorption Isotherms
To validate the force field, experimental and simulated isotherms of CO 2 on Cu-BTC were compared (Figure 10 ).
In addition to our simulated and experimental isotherms presented in Figure 10 , simulated isotherm by Gutiérrez-Sevillano et al. (2011) and experimental isotherms by Grajciar et al. (2011) were also included. It is observed that our force field follows closely the experimental isotherms with acceptable discrepancies between experimental and simulated values acceptable for force field validation purposes.
Applying the validated force field, we simulated the CO 2 adsorption isotherms on Cu-BTC impregnated with 3, 8 and 15 IL molecules to allow for comparison with the study by VicentLuna et al. (2013) . The amount of CO 2 adsorbed increased for all the impregnated models used (Figure 11 ). In particular, for the model with eight IL molecules, the adsorption of CO 2 increased up to 3 bar for the PF 6 anion and up to 2 bar for the Tf 2 N anion, similar to the results obtained by Vicent-Luna et al. (2013) . For impregnations at low concentration (1 and 2 molecules of IL/unit cell), the difference between the parent and impregnated samples was very small [Figure 11(c) ].
The adsorption increase predicted by simulation is only observed up to 3 and 2 bar for Cu-BTC-PF 6 -5% and Cu-BTC-Tf 2 N-5% samples, respectively. In our model, the IL molecules occupy only the large cavities of Cu-BTC (L2 and L3). This can be seen in Figure 12 in which the molecules first occupy the L2 cavity and subsequently the L3 cavity (L2 is a slightly larger than L3) as the IL molecules increase from three to eight. The presence of IL in the pores increases the adsorption heat from -5.8 kcal/mol (Cu-BTC without IL) to -7 kcal/mol (Cu-BTC with 15 IL molecules in the pores).
This increase affects the way CO 2 is adsorbed ( Figure 13 ). In the parent structure of the Cu-BTC sample at 0.25 bar and 298 K, the CO 2 is almost confined in the small octahedral cages [ Figure  13 (a)]. As more IL molecules are added, the CO 2 adsorbed migrates from the small octahedral cages to the vicinity of anion [PF 6 ]. When 15 molecules are added, we can clearly notice a decrease in the adsorbed quantity [ Figure 13 decreased after 2 or 3 bar. The presence of IL effectively creates stronger adsorption sites, but, despite the increase in heat of adsorption, the reduction of the Cu-BTC micropore volume due to IL molecules inside the pores ultimately compromises the CO 2 adsorption.
Comparison of Experimental and Simulated Data
Upon comparing the experimental isotherms (i.e. parent Cu-BTC and impregnated Cu-BTC-PF 6 -5%) with the simulated isotherms (1 and 2 molecules of IL/unit cell; Figure 12 ), we observed a coincidence of the curves at low pressure (<1 bar) without evidence of improvement in CO 2 adsorption (Figure 14) . Considering the small improvement in CO 2 adsorption for one and two molecules of IL/unit cell predicted by molecular simulation [Figure 11(c) ], the simplifications of the simulated models and the errors of the experimental method, it was not possible to measure an actual enhancement of CO 2 adsorption theoretically predicted. By contrast, when trying to increase the impregnation load, which was predicted to be feasible up to 15 and 10 molecules/ unit cell for PF 6 and Tf 2 N ions, we were faced with a fast deterioration of the textural properties of the material.
The difficulty of impregnating at higher concentrations seems independent of the impregnation method. Hogendoorn et al. (1994) tested dry impregnation and wet impregnation (a solution is added until the particles were completely submerged) and found identical results. Pd(acac) 2 (acac = acetylacetonate) was successfully impregnated in IRMOF-1 by dry impregnation (Sabo et al. 2007) ; however, IRMOF-1 has access windows with area 70% larger than Cu-BTC. Keggin anions were successfully impregnated in MIL-101 (Ferey et al. 2005 ) that has access windows 160% larger than Cu-BTC. Apparently, the pores of Cu-BTC are too small to allow for homogeneous incorporation of ILs at high concentrations.
CONCLUSIONS
An experimental and theoretical study of the adsorption of CO 2 on Cu-BTC impregnated with IL ([bmim] [PF 6 ] and [bmim][Tf 2 N]) is presented. Experimental measurements of adsorption equilibrium and Monte Carlo simulations were carried out to investigate the relationship between IL impregnation and improvement in CO 2 adsorption. The theoretical improvement for Cu-BTC impregnated at 5 wt% concentration solution was nearly imperceptible in the experimental measurements. High concentrations of IL solution (10 wt%) had a pronounced detrimental effect on the textural properties of Cu-BTC despite the theoretical calculations, which had demonstrated that concentrations up to 30 wt% are possible. Results of characterization studies indicated that the Cu-BTC porous network was damaged by IL obstruction, very likely due the small pore windows of Cu-BTC. Because impregnation was successfully achieved in MOFs with larger pore windows, Cu-BTC does not seem to be a suitable support for IL impregnation. ] molecules/unit cell) CO 2 excess adsorption isotherms at 298 K.
